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PREFACE 
The purpose of this thesis is to provide a li:inited 
discussion of the broad field of oscillograph galvanometers. 
Emphasis will be placed in the field of flight instrumen-
tationo A detailed discussion of the development of an 
oscillograph galvanometer of the shock- and vibration-
resistant type will be given~ 
The faster speeds and higher altitudes now associated 
with the air arm of our national defense have continuously 
caused component parts of missiles and aircraft to be 
subjected to increasingly rugged environments. Nowhere is 
this better recognized than in flight instrumentation. 
During the flight of a missile 1 one of the easiest 
means of simultaneously collecting data from sever9-l points 
of interest on the missile is to record the informat~on 
obtained from each point on a recording multichann~l 
oscillograph. This is done by connecting the output 
voltages .produced by the transducers (such as strain~gauges, 
accelerometers, etc.) to the current sensing elemepts of 
the oscillograph. These current sensing elements ~re n9thing 
more than very special adaptations of the large laboratory 
galvanometers used for indicating either slowly varying or 
stationary current conditions. 
iii 
In order for a galvanometer to be acceptable fqr Ufe 
in an airborne oscillograph, it must satisfy stringent 
I 
requirements with regards to reliability, static bflanc~, 
freguency response, sensitivity, and shock and vibration 
resistance. A unit which meets these requirements has peen 
developed. 
This was accomplished by placing at strategic points 
three oil=filled capillary tubes around the moving-coil 
assembly. Then the viscosity of oil in the capillary. tubes 
was adjusted so that maximum damping to external shock and 
vibration was ob.tained, along with a satisfactory frequency-
response characteristic. 
The author wishes to thank James L. Fisher anµ William 
Ro Johnston for their significant contributions in developing 
this galvanometer and Century Electronics and Instruments, 
Tulsa, Oklahoma, where this research project was conducted, 
for the release of this material. 
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CHAPTER I 
INTRODUCTION 
The basic arrangement of the modern galvanometer w~s 
devised by J. A. d 1Arsonval in 1882. This arrangement 
consists of a coil of rectangular cross section and many 
turns of fine wire suspended on bearings or a gold ribbon 
so that it is free to rotate in a magnetic fieldo 
The principle of operation depends upon Ampere 1 s Law 
which states that a conductor carrying current placed in 
a magnetic field will have a force exerted on it. Th~ 
direction of this force will be orthogonal to the plane 
defined by the intersection of the conductor and a partt-
cular line of the magnetic field. In galvanometers of the 
oscillograph type 1 current is led into the coil by gold 
ribbons or small springso These elements also serve as the 
control springs to return the coil to its initial position 
when the current is removed. 
In general, very sensitive galvanometers which use gold 
ribbon as the bearings or pivots require a substantially 
I 
vibrationless support and careful leveling to secure be$t 
results. However, the oscillograph galvanometer, which is 
the basic element of modern recording light-beam oscillo-
graphsj is an interesting modification of the permanent-magnet, 
1 
2 
moving=coil galvanometer. In the oscillograph galvanomrter, 
! 
the main requirement is that the moving coil assembly spall 
:, 
faithfully follow rapidly changing electrical phenpmena~ 
To obtain this result~ a moving coil of many turns is 
suspended on fine gold ribbon between the shaped poles of a 
powerful permanent magnet. A very small mirror is cemented 
directly to the ribbon conductor to obtain the lowest 
possible moment of inertiao In order to record with thts 
galvanometer, an intense beam of light is focused pn th~ 
mirror and reflected to a rapidly moving photosensitive 
medium. Galvanometers of this type may be built to respond 
to frequencies as high as 10~000 cycles per second and~ in 
conjunction with oscillographs 9 may be used for power system 
studies, flight instrumentation} geophysical prospecting, 
' 
and medical researcho 
With the advent of more complex and high-speed aircraft 
and missiles, greater and greater demands have been placed on 
the instrumentation field to supply recording oscillographs 
that can withstand large accel~rations over a wide frequency 
range of vibrations. Frequently these oscillographs are 
launched with a missile and parachuted to earth after a 
predetermined time; or they may be made part of a fissile 
check-out system, where the missile is carried inside a plane 
and inserted into the slip stream when it is readied fof a 
simulated firing" The insertion of the missile containtng 
the oscillograph and galvanometers into the slip stream at 
speeds approaching Mach 2 causes vibrations of 2 to 2~qoo 
cycles per second of approximately ±3 g magnitude, shock loads 
of approximately 30 g's, and constant accelerations of +O g's. 
The exact specifications the galvanometers must meet are 
sensitivity, coil resistance, balance, and frequenpy re~ponse 
specified under static conditions, and they must spow no 
evidence of an intermittent open circuit, short circuit~ or 
permanent physical damage after the following environments: 
(1) a temperature of 130°F for a period of 4 hours and~ 
temperature of -50°F for a period of 4 hours, (2) ~ 15 g shock 
of 11-milliseconds duration in an operate conditio~, (3) a 
30 g shock of 11-milliseconds duration in a nonoperatin~ 
condition, (4) a 3 g operate and a 10 g nonoperate constant 
acceleration of 1 minute 9 (5) a i-inch double-amplitude 
sinusoidal vibration from 2 to 17t cycles per second and a 
+4 g sinusoidal vibration from 17t to 300 cycles per seeond 
in a nonoperate condition~ (6) a +3 g sinusoidal vibration 
from 30 to 2,000 cycles per second in an operate conditiono 
In addition 9 the galvanometers must (1) meet the sensitivity, 
frequency-response, and static-balance specifications during 
the two temperature environments, (2) recover int seco~d 
durtng the shock-operate test, (3) have the mirror:reflection 
displaced from its original zero current position :p.o more 
than ±().020 inch at a 6025-inches optical arm during the 3 g 
constant acceleration test, and (4) have buzzing or trace 
movementj except for two bands in the vibration test frequency 
' 
range, of less than +o.035 inch at a 6.25=inches optical arm 
during the operate part of the vibration test. Also during 
4 
the vibration test, the product of the bandwidth and th~ 
excursion from zero to peak in the two bands where the puzz· 
exceeds ±().035-inch amplitude shall be no greater thap 00012 
inch, and the bandwidth shall be no greater than Oo20. In 
this instance, bandwidth shall be defined as 2(f2 - r1 )/(f2 + f1) 
where f2 and r 1 are the frequencies at which the excursion just 
exceeds :±00035 inch0 
These requirements pose the major problem with which 
this thesis is to dealo However, along with this problem 
there are certain basic requirements the galvanometer mrst 
meet, even in static conditions, in order to indicp.te tre 
electrical phenomena in which the missile user is interested@ 
The more important static specifications briefly stated are: 
(1) a current sensitivity of 15a9 millimeter per m~croampere 
per meter optical arm in a magnetic field of 2j500 gaus$, 
(2) a direct current resistance of less than 150 orms; (3) a 
frequency response such that the galvanometer sensitivify at 
5.0 cycles per second shall not decrease by more than 8 
decibels (60%) of its Oo5 cycle per second value; and (4) a 
static balance such that for a 180° rotation around its 
longitudinal axis it shall drift no more than 2 millimeters 
at a 1-meter optical armo 
It might seem almost impossible to build a galv~nometer 
. I 
of the specified sensitivity that could withstand these 
environmental conditions, but this problem has been solvedo 
In the suceeding chapters of this thesis, the author 
will describe a galvanometer that will withstand the required 
5 
environments and the methods of approach used to reach this 
goalo It can be stated that approximately 100 galvanometers 
of this type have been in use in missile check=out sy$tems 
for more than 6 months and are known to be performing 
satisfactorilyo Figure 1 shows a photograph of this shock= 
and vibration-resistant galvanometero 
6 
Note: Ga l vanomet er l engt h approxi mat ely 2 inches . 
Figure 1 . A Shock- and Vi bra t ion -Resi s t ant Ga lvanometer . 
CHAPTER II 
MAJOR DESIGN CONSIDERATIONS 
Since a very sensitive galvanometer is requir~d, it is 
apparent that this galvanometer will have to be on~ pf +ow 
frequency, because high sensitivity and high natural 
frequency are definately incompatible. This may b~ seen by 
examining the following formulas for natural frequency and 
current sensitivity, respectively: 
I ,./ ~ fn = 2-rrr~ 
S _ o.2MB.l.T,,,..N 
I- "Y 
These formulas may be readily derived from the second 
order linear differential equation describing galvanometer 
motiono K d28/dt + C d9/dt + '1"9 = 2BlrmNi 
K ~ moment of inertia 
e ~ deflection angle 
where 
1"' ~ total torsional coefficient of the galvanometer 
ribbon 
C ~ velocity damping coefficient 
B ~ flux density 
1 ~ average length of the coil 
r ~ mean radius arm of the middle winding 
i ~ current in abamperes 
7 
8 
N; number of turns 
M = 2 times the optical lever in millimeters divided 
by 19000 
Sr= current sensitivity in millimeters deflection 
per millimeter 
· f 11 ,= natural angular frequency in cycles per second 
.2rln = coil area 
For the natural frequency derivation, the damping and 
'I 
driving terms are zero. The equation then becomes 
or d26/d t2 + 1'"9/K = 0 (3) 
Letting D denote d/dt (3) may be written as (D2 + C2) e = 0 
which has the general solution e = A cos -y ; t + B sin q l (4) 
where A and Bare arbitrary constantse The displacement e 
from the center of attraction at time tis given by (4) and 
the velocity at that instant will be 
~~ ...:.-4 ~ Asin~f- t + ·~ ~ Bcos ~ t t. (5) 
If e and v0 are, respectively, the displacement and velocity 
at t ~ o, then e = 9o and v:: d9/dt at t ~ Oo We can then 
solve for A and B by substituting in equations (4) and (5). 
Solving (3) and (4) we get 90 = A and v0 = ..J""~ B 
hence e = 90 cos"'1 ~ t + '{v,;/K sin~~ t or 
e = a. sin(i ~ ~ + ~) 
This is the equation of simple harmonic motion that osc!llates 
between e = ±ao The distance "au from the center to either 
extreme position is the amplitude of the motiono The amplitude 
of the motion evidently depends upon the initial conditionso 
9 
Now let 81 and (d8/dt)1 denote the displacement and 
velocity at any time t1, then 91=asin(-J ~ t 1 -+ ol) l0) 
(7) 
The smallest time interval T that must elapse before e and 
d9/dt again take on the values e1 and (de/dt)1 , respectively, 
will be such that sin [~ ~ ( l 1 + T ) + C7\..J = sin~ ~ , t 1 + o{..) ~ 
~nc! cos[~ ~ (-l1 + T) + °'-] -= cos(~~ l1 4' °'-') . 
However~ these relations will hold true only if 
~(t.1 + T) + cA,.. =1~ t1 + ol.... -\-211" or 
T=2.1r 
.--,- ~ 'VK 
and for no smaller value of Tl. Therefore 
£: = _,!_ =: tt 18) 
n T 211' \! 
For the current sensitivity, the acceleration and 
velocity terms of the differential equation descriping 
galvanometer motion are zero for the static conditiono The 
equation then becomes 1i e = 2BlrmNi or 
(9) 
Multiplying both sides of the equation by M, the optical 
multiplication factor 9 the sensitivity will be in millimeters 
deflection per one milliampere2 or 
lH. W~ Reddick and F. H. Miller, Advanced Mathematics 
for Engineers (New York 1955), ~Po 73-75 
2Co Ac Reiland and Ko C. Rock~ t1Principles of Multi-
channel Oscillography., 11 Proceedings of the Instrument Society 
of America, Volume 9 9 Part 5, 1954, Paper Number 54=46=lo 
The corresponding paradox in using a low-frequency 
galvanometer is that the suspension ribbon will be of such 
low torque and low tension that it will cause the ~oil 
assembly to have considerable compliance towards vibratfon 
and static unbalance. Also, a very sensitive galv~nometer 
requires a considerable coil area, even if the smallest 
torque ribbon that is practical is chosen for the ~alvano= 
meter suspensiono This large-area coil necessarily wil+ 
have a large mass which will cause the coil assembfY to 
10 
have compliance towards vibration and static unbal~nceo Some 
decrease in coil mass can be attained by using extremelr small 
wire to wind the coil. The smallest practical wir~ used in 
the industry at the present time is 1/1000-inch diameter 
anodized aluminum wire. Aluminum is chosen for its srnatl 
specific gravity, and the anodized insulation is cposen in 
preference to enamel because the anodized wire has greater 
tensile strengtho 
Since high sensitivity and good resistance to vibration 
are incompatiblej the design becomes a compromise. A galva-
1 
nometer must be designed that will just meet the cµrren}-
sensitivity and static-balance requirementso Then tne ~oment 
of inertia of the coil assembly must be decreased enough to 
obtain a natural frequency of at least ten times the usable 
frequency. If a galvanometer of this high frequenpy can be 
attained 9 the galvanometer can be damped several times 
critical damping 9 and the noise near its natural frequency 
and higher frequencies will be greatly attenuatedo 
CHAPTER .'III 
THE GALVANOMETER COIL ASSEMBLY DESIGN 
The design of the galvanometer coil assembly is 
straightforward once the mechanical design is completed 
and the designer is concerned with only the natural 
frequency and the current sensitivitye 
Knowing the sensitivity requirement is going to be 
difficult to meet, it is apparent that the lowest torqu~ 
ribbon that is practical should be used0 At the present 
state of the art, 0.11-dyne centimeter per centimeter p~r 
radian 14 karat gold is that ribbon. The total torsion,1 
coefficient n 1'"'" re,q01ired for the solution of equa tion.s (1) 
and (2) can then be calculated by knowing the total length 
of free ribbono 
' I 
At this point, one should be careful to make th~ free 
I , 
ribbon at the top and the bottom of the coil·equal i~ l~ngth. 
,. 
If this is not done~ the rotating mass and ribbon ~ton~ end 
will have one natural frequency as will the rotating mass 
and ribbon at the opposite enda The two frequencies beating 
togetli:er can cause.four major spurious response peaks which 
: '"(~!'" 
\ 
will be susceptible to external vibrations of these frequencies. 
This will make it impossible to damp the galvanometer to ride 
11 
through these external vibrations and still meet tpe 
frequency-response specifications. 
Knowing the total torsional coefficient in ad~itio~ to 
the flux density and required sensitivity, the designer can 
' ' 
use equation (2) to ascertain the required coil area~ 
12 
The moment of inertia of the entire coil asse~biy can 
then be computed and substituted into equation (1)0 Fr?m 
this the natural frequency can be calculatedo If th~ nftural 
frequency is not as high as desired, it may be increa~ed 
some by using half beads rather than whole beads fpr coil 
supports. Also, the galvanometer mirror may be maµe 
thinner if it is not of ·such large area that it ha~ a 
tendency to warp and cause an ill-focused reflectipno 
Following the previously outlined procedure~ the n~~ural 
frequency of this shock-resistant galvanometer was fou:n.d to 




Since oscillograph galvanometers are used to indic~te 
rapidly changing electrical phenomena, it is necessary 
that the galvanometer mirror deflection be consistently 
proportional to the instantaneous current over a wide 
frequency band. This flat frequency response may be 
obtained either by resistance damping (electromagnetic) or 
by fluid damping (viscous) the galvanometer coilo 
The value of resistance required to damp a galvanometer 
to its maximum flat frequency response (usually 64% critical) 
may be computed from the following equation, 
(11) 
where n is the damping ratio of actual to critical damping, 
Rg is the galvanometer resistance, and Rd is the requirrd 
damping resistanceo3 
Resistance damping is generally used for low-frequ,ncy 
galvanometers; and in this case of a very sensitive low-
frequency galvanometer, it could be used to give the frequency= 
response characteristic specified under the static specifi-
cationso However~ resistance damping did very little towards 
3Ibid., p.8 
13 
damping mirror displacements caused by external shocks and 
vibrationo It was for this reason that equation (11) was 
ignored when current sensitivity and natural frequency yere 
being considered in the design. 
The remaining way to make this galvanometer resistant 
to shock and to get proper frequency response was to flµid 
damp it. There are several ways in which the fluid damping 
can be accomplished. The mos,t obvious way is to surround 
14 
the coil assembly completely with fluid. If the galvanometer 
is damped by this method, one gets resistance to mechanical 
shock as well as some gain in the galvanometer current 
sensitivity due to the refraction of the light by the 
damping fluido The new damped sensitivity would be equal 
to the product of the refractive index of the damping fluid 
and the undamped sensitivity. 
In surrounding the coil and suspension with fluid, the 
mechanics of damping occurs by the outermost fluid from the 
motion remaining stationaryo Next to this stationary layer 
of fluid~ there is a slightly rotating layer of fluido 
Between these two layers there is a shear planee There is 
also a shear plane separating each of the layers of flu~d 
between the first moving layer and the layer that actually 
ro'tates with the coilo In each of these shear planes, there 
is a frictional loss of energy which changes the excess 
kinetic energy into heat. The loss of the excess kinetic 
energy is the desired damping effecto4 
4w. Hartelj "Fluid Damping of Oscillograph Galvanometers," 
Frequenz, May, 1951, pp o 233=245 o 
In the development of this galvanometer, damping by 
completely immersing the coil in fluid was tried. This 
method of damping was abandoned, howeverj when attempts were 
made to balance the coil assembly. It was found that a coil 
assembly can be perfectly balanced in air, but when it is 
immersed in oil 9 the up-thruse caused by the oil appears as 
an unbalance. In a totally immersed coil, the amount of 
fluid clinging to a particular place on the coil is not 
constant and gives an indication of coil unbalance. Thus the 
galvanometer would fail to meet the balance specifications. 
Since oil immersion would not workj the next attempted 
method of fluid damping the galvanometer was by using t¥o oil-
filled capillary tubes around the ribbona Figure 2 shows a 
sketch of this coil and frame assembly. One tube was placed 
just above the mirror and the other tube was placed just 
below the bottom of, the coilo In order to obtain the maximum 
resistance to mechanical vibration, the viscosity pf the Dow 
Corning Number 200 silicone fluid in the tubes was increased 
,L 
to 24 9 000 centistoke or until the frequency responpe of the 
galvanometer barely met the specifications. The galvanometers 
were then given a cursory test approaching the exact vibration 
specifications. They failed to meet the vibration specifi-
cations during most of these testso 
From these tests it was obvious that more effective fluid 
damping had to act on the coil assembly, but the fluid damping 
must not be increased to such as extent that the frequency 
response failed to meet the specificationso 
- --.- - - - - - - ,- - - - - - .- - r - - - - - T - - - - - J ,- - - - -
--_ _e--" •- = _:-----~-µ CAPI LL.:-=:: j ,:;, ,;•:Q~=-,-i" •·ifilij LJ 
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Fi gure 2. Two..Capillary Tube Coil and Frame Assembly of The Open-Coil Typeo 
I-' 
0' 
On the basis of these first tests, there seemed to be 
two possible reasons why the galvanometers were buzzing in 
excess of the specifications. Either the damping was not 
acting at the center of mass of the coil assembly, or the 
coil assembly was not acting as a rigid bar but was acting 
as two separate masses joined by a flexible member. 
Since the first possibility was the easiest to 
17 
investigate, the viscosity of the fluid in the capillarr 
tubes was changed. Two viscosities of fluid were used ~his 
timee The viscosities were changed to equalize the products 
of the viscosities times their capillary-tube moment arms. 
At the same time the damping was maximized so the frequency-
response characteristic was barely met~ 
This change in damping fluid ratios decreased the 
amplitude of buzz, but the decrease was not sufficient to 
! 
allow the galvanometers to meet the specificationso 
The possibility of the coil assembly acting as two 
separate masses was then thoroughly investigated. Sine~ the 
coil is approximately 70 per cent of the coil asse~bly mass, 
it was felt that the coil-could be squeezed and a capillary 
tube could be placed around the center of the coilo 
New coil assemblies of this description were built and 
tested. A sketch of the frame assembly using the squeezed-coil 
design and three capillary tubes is shown in Figure 3o These 
new coil assemblies did a good job of solving the problem of , 
; ' 
excess buzz during vibration, but this step towards the 
solution. of the buzz problem caused another problemo The coil 
~~ j ,~~/~ /t~: 
----------~--- CAPILLARY TUj:lES ----~ 
Figure 3. Three -Capillary Tube Coil and Frame Assembly of The Squeezed-Coil Type. 
~ 
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had been squeezed so much in getting the capillary tu~e around 
it that the galvanometer sensitivity had decreased below 
specification. The sensitivity of the galvanometer at this 
point of the development was approximately 25 microamperes per 
inch for an optical arm of 6a25 incheso 
Various means of increasing the sensitivity apd sti11 
retaining the coil capillary tube were considerede It $eemed 
a formidable task to increase the sensitivity of the galvanometer 
by a factor of three and still maintain the previous resistance 
to vibration by using a coil capillary tubeo Some of the more 
obvious things that could be done to increase the sensitivity 
were (1) the use of a.'ribbon with a smaller spring const~nt, 
(2) the reduction of the tension on the present ribbon, or 
(3) the addition of more turns to the coile A fourth way, which 
seemed most practical, was to spread the galvanometer coil by 
using a third bead near one end of the coil and th~n to squeeze 
the coil in the small portion between the middle bead and the 
end bead. The capillary tube would then be placed around this 
small squeezed portionQ 
This was done and at the same time enough turns were added 
to the coil to bring its resistance near the specified 150 ohms 
maximumo The idea of simply adding turns to the original 
squeezed coil was not considered because the addition of enough 
turns to make the galvanometer meet the sensitivity speeifi-
cations would certainly have caused it to exceed the resistance 
specificationo 
20 
Neither were the possibilities of using lighter ri~bon or 
reducing the tension on the present ribbon seriously considered. 
The reason for this was that a smaller ribbon was not practical, 
and less tension on the present ribbon would cause the massive 
coil to be very susceptible to vibration even with a capillary 
tube placed around the coilo 
Samples of the three-bead, three-capillary tube coil and 
frame assemblies were built and tested. A sketch illustrating 
this design is shown in Figure 4. Again this galvanometer had 
good resistance to shock and vibration, but it now had a 
sensitivity of 13 microamperes per inch. Apparently the only 
way to gain the desired sensitivity was to remove the damping 
ring from around the coil and spread the coil accordinglyo 
This made the ribbon section between the mirror and the top 
\ \ 
bead of the coil the only place the coil assembly could be 
damped near its center of gravity, where it would do the most 
good in reducing buzz caused by vibration. 
To accommodate the two major changes, new coil assemblies 
again had to be built. The squeezing of the ribbon between the 
bottom of the mirror and the top bead of the coil had caused a 
linearity problem which certainly was not anticipated. What 
this problem actually amounted to was that the plane of the 
mirror was not always exactly at a right angle to the plane of 
the coilo This caused the coil to be in the fringe flux for a 
zero current condition with the mirror pointed straight ahead. 
Thus when one polarity of current was applied, the coil would 
move through a lower flux density and be less sensitive~ 
[ [[[J---y-d-:'"~----.;=.~"I---ji:ici -r;l kfie~~ I~;'~/- ,.m-~~.:.-=--:-1..:.~a:- -- _-:;-4 
- • .---~ _ L~ _t::::-"""= L..,.E.....- - " ''~:f--_ J ~ i UA4l 1-- -, 
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This rotation of the mirror with respect to tpe cofl had 
not been a problem earlier, since the ribbon previously had 
formed a rigid yoke in which the mirror could fit. With the 
squeezed ribbon design, the mirror was joined to the coil by 
soldering two sides of the mirror yoke together. The lack of 
torsional rigidity of the connecting rod caused the linearity 
problem. This problem was finally solved by proper tooling 
which forced the plane of the mirror to be at right ang:;l.es to 
the plane of the coilo 
The spreading of the coils was accomplished by placing in 
the center of the coil a bead of slightly larger diameter than 
the end beadso With the linearity problem already solvedj the 
test galvanometers were again damped as before and vibration 
tests were runo This time during the vibration tests 1 the 
galvanometers met the vibration specifications, but in many 
places the amplitude of the buzz almost exceeded the specifi-
cations. Again the galvanometers met the sensitivity specifi-
cations. 
Because the resistance to vibration appeared to be marginal, 
it was decided to improve the design of this galvapometer to 
the extent that it could be mass produced with little fear of 
rejection due to lack of vibration resistanceo Increasing the 
area the damping fluid acted upon appeared to be one of the 
easiest ways to increase the vibration resistance. ·It was also 
a very logical approach since lack of damping area was the main 
difference between the squeezed coil design, which had good 
vibration resistance, and the squeezed ribbon design~ which did 
noto 
23 
Since the spacing between the mirror and top pead 9f the 
coil could not be lengthened, the only way the damping area 
could be increased was by changing the cross section of the 
ribbon. This was accomplished by soldering to both sides of 
the squeezed portion of the ribbon another piece of Ooll-dyne 
ribbon exactly the same length as the capillary tupe. 
At the same time the ribbon cross section was increasedj 
the effects of various viscosities of fluids in the capillary 
tubes were examinedo Frequency response curves were taken for 
the viscosity arrangements shown in Figure 5o It can be noted 
from these curves that for a very high viscosity fluid in the 
center tube and a very low viscosity fluid in the ribbon tubes, 
the galvanometer seems to act simultaneously like a high-
frequency galvanometer and a low-frequency galvanometer. This 
is caused by the fretting action of the fluid on the squeezed 
ribbon. The effect of the high-frequency galvanometer can be 
seen from approximately 50 to 80 cycles per second, where a 
flat response appears on Curve Ao Since the damping for Curve 
A allows the galvanometer to have a flat frequency response 
between 50 and 80 cycles per second, it appears the galvanometer 
would be sensitive to external vibrations of this frequency. 
For this reason many arrangements of fluid viscosities yJere 
tried, but the values associated with Curve B did the most to 
smooth the inflection points that always occurred at 50 and at 
80 cycles per second. Therefore, the viscosities of the fluids 
in the sample models were in the same arrangement and of the 
same values as the arrangement and values used to get Curve Bo 
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With the vibration, sensitivity, and frequency-response 
problems solved, nine samples of this particular galvanometer 




Associated with any Government-procurement program is a 
definate set of specifications the product must meeto In the 
case of the shock- and vibration-resistant galvanometer 
procurement program, it is well to reiterate that the g~lvano-
meter had to meet certain static specifications before it 
could qualify for the rugged environmental conditions t~at 
were so hard to meet in the development of this galvano~eter. 
For this reason the qualification tests concerning the 
galvanometer were divided into static tests and environmental 
tests. 
Static Tests 
For the static tests, nine specimen were used as was 
required in the specifications. All nine samples met the 
dimensional, focal length, dielectric strength, leakage 
resistance, polarity, direct current resistance, 1ineartty1 
and hysteresis specifications without any deviatiops. fhese 
tests are quite straightforward and will not be described in 
detail. However, this is not true of the remaining three 
items covered in the static tests. 
27 
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The current-sensitivity requirement was that the galva-
nometer shall deflect 15.95 millimeters per microarpere per 
meter optical arm in a 2,500-gauss magnetic fieldo It also 
stated that the flux density and optical arm lengtp coufd be 
extrapolated as required to suit the galvanometer test fixture 
used. 
The current-sensitivity tests were conducted for the nine 
samples by using a test jig that had a 1505-inches optical armo 
The magnetic assembly used had a flux density of 2 1 780 gauss. 
For all the static tests, the same side of the light spot was 
used to eliminate any error due to variation in spot thickness 
from galvanometer to galvanometer. 
The test was conducted by placing exactly 10 microamperes 
of current through the galvanometer and then denoting the 
deflection for the 1505-inches optical armo 
As seen in Table I and the sample calculations, galvanometer 
X4was the only one that met the current-sensitivity specificationo 
Sample Calculations 
15095 mm x 0.0394 in x 10 ua x 15.5 in x lm x 2780 gauss"" 2.7 
ua mm lm 39 e4 in 25'00 gauss (iE 
A plus or minus 5 per cent tolerance was allowedj so the 
deflection could vary from 2061 inches to 2o89 inches for the 
test setup used. 
Following the current-sensitivity tests, the frequency 






































STATIC TEST OF FREQUENCY RESPONSE 
Peak-to-Peak 
Deflection 




















was that the galvanometer sensitivity at 5.0 cycles per second 
shall not decrease by more than 8 decibels (60%) of its Oo5 
cycle-per-second valuee 
The same test jig was used for this test as was used for 
the current-sensitivity test except that an oscillator, instead 
of a direct-current source, was connected to the galvanometers. 
For this test the magnetic assembly was heated to its normal 
operating temperature of l00°F, because the viscosity of the 
silicone-oil damping fluid at lQQOF is only 80 per cent the 
viscosity of the fluid at room temperatureo5 
To obtain the data from this test, the output voltage of 
the oscillator at Oo5 cycle per second was increased until the 
galvanometer had a peak-to-peak deflection of approximately 5.0 
inches on the test jigo Then the frequency was chflnged to 5oO 
cycles per secondj the voltage was held constant, and the peak-
to-peak deflection was recorded. The output voltage of the 
oscillator was measured with a Sensitive Research thermocouple 
voltmeter which has an accuracy of plus or minus Oo5 per cent. 
All nine galvanometers met the frequency-response specifications, 
as shown in Table IIo 
The final specification in the static-test requirements is 
i 
that of static balance. The specifications stated th~t the 
galvanometer must have a static balance such that for a 180° 
rotation around its longitudinal axis it will drift no more than 
2 millimeters at a 1-millimeter optical armo 
5~~~-· Dow Corning Silicone Notebook, Fluid Series 
Number 3, (Midland, Michigan, 1945), pp. 14-15 
The data for the static-balance test was obtained by 
placing a galvanometer in a jig which contained a light source 
and a graduated screen. The jig could be rotated through 360° 
in any direction. The screen was optically 3lol inches from 
the galvanometer and was so graduated that each division on the 
screen was 0.020 inch. The jig contained no magnetic fteld and 
the galvanometer was not energized. After the galvanometer was 
placed in the jig and the spot of light was reflected from the 
. 
galvanometer mirror to a particular line on the screen, the jig 
was rotated about the longitudinal axis of the gal~anometer to 
a position 180° clockwise from the last noted position of the 
galvanometer. The location of the spot on the screen was again 
noted so one could tell how far the reflected spot had driftedo 
This drift is caused by the unbalanced condition of the coil and 
the 2 g acceleration acting upon it. All the galvanometers met 
the static-balance specification, as shown in Table III. 
Sample Calculation 
Specification for 180° rotation= 2mm = 0.002 in/in of optical 
lm 
arm= 00062 in for an optical arm of 31ol in. 
Having completed the static tests, the crucial and lengthy 












STATIC TEST OF BALANCE 
32 
Deviation. in Excess 
Drift for 180° Rotation of Specification 
















































The first environmental test to which the galvanometers 
were subjected was that of low-temperature operation. For this 
test, as in all of the environmental tests, the galvanometers 
were installed in their normal positions in the airborne 
oscillographj and the oscillograph heaters were continuously 
operated. The oscillograph was placed in a low-temperature 
chamber and allowed to stabilize at -50°F for a period of 4 hours. 
During this period 5 sensitivity and frequency-response oscillo-
grams were taken, and immediately following the cold environment, 
a static-balance record was takeno The tabulated results of this 
test are shown in Tables IV, V, and VI, respectivelyo The 
galvanometers passed the frequency-response and static-balance 
tests without any deviations. However, for the current-
sensitivity test, only one galvanometer met the specification; 
all other galvanometers were low in sensitivity. Naturally one 
might expect this result, since eight of the nine galvanometers 
were low in current sensitivity during the static tests. It is 
well to note here that for all the data taken in the recorder, 
the information has to be extrapolated for the 6025-inches optical 
arm that is used in the recorder. 
Sensitivity 
Sample Calculations 
15.95 X 0.0394 X 10 X ~ X 2780: 1.108 in 
2500 
1.05 (1.108) = 1.153 in; 0.95 (1.108) ~ 1.064 in 
TABLE V 









































































Static Balance 2 millimeters per meter= 00002 inch per inch 
of optical arm= 0.0125 inch for a 6.25-inches 
optical armo 
Some difficulty was encountered in reducing tne current-
sensitivity records. This was caused by the variation in flux 
density from hole to hole in the magnetic assembly of the 
oscillograph. The data for correcting this variation is 
tabulated in Table VII. It was obtained by using galvanometer 
X6 and comparing its deflection in the bench test magnet with 
its deflection in each hole of the oscillographus magnetic 
assemblyo The deflection of X6 in the static tests was 2.41 
inches for 10 microamperes of current. It was the ratio of the 
deflection in each hole of the oscillographus magnetic assembly 
divided by 2o41 that was used to modify the sensitivity limits 
required for each of the nine galvanometer positions. 
The next environment to which the galvanometers were 
subjected was a high-temperature operation testo This test was 
conducted in a manner similar to that of low-temperature operation. 
For this test the oscillograph was placed in a high-temperature 
chamber and allowed to stabilize at a temperature of 130°F for a 
period of 4 hourso Again the galvanometers met the frequency-
response and static-balance specifications with no deviations; 
the results also showed that X4 was the only galvanometer to pass 
the current-sensitivity specification. For this t~st no tabulated 
data will be given, since it is so similar to the data given for 
the low-temperature operation test. 
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TABLE VII 
MAGNETIC ASSEMBLY FLUX DEVIATION 
Deflection Required Deflection 
10 ua Divided by on Record 
Gal vanome.ter Deflection X6 (Inches) 
(Number) (Inches) Deflection Minimum Maximum 
! 
Xl 2o91 1.207 lo284 lo391 
X2 2o90 10203 10280 lo387 
i~ 2.7~ lol33 le205 1.406 209 10220 10298 lo 06 
X5 2o92 10211 lo288 10396 
X6 2.83 10174 lo249 lo3?3 
X7 2o9l 10207 1.284 lo391 
X8 2o90 10203 lo280 1.387 
X9 2o64 10095 10165 10262 
-37 
Following the cold and hot tests, the 15 g operate shock 
test was run. The requirement for this test was tpat after a 
' 
15 g shock of ll=millisecond duration, the galvanometers must 
recover in Oo5 second and must meet the current sensitivity 
required in the static testso The 15 g shock was to be applied 
three times in each direction of the vertical, major horizontal~ 
and minor horizontal axes of the galvanometer. 
This test was conducted by placing the oscillograph in 
either a vertical or a horizontal jig mounted to the table of a 
Barry Impact Shock Machineo The total 18 drops at the 15 g 
acceleration specified for the three orthogonal axes were then 
given in the particular jig required. During each drop, 10 
microamperes of direct current were applied to all the 
galvanometers connected in series and an oscillogr~m was madeo 
The .results of this test showed the galvanometers always 
recovered from the shock in less than Oo5 secondo Too, they 
always met the current-sensitivity specification after recovering 
from the shockj except for the deviation noted in the static 
tests. A sample record is shown in Figure 7o Nev~r in the 
records or visually was there evidence of an intermittent open 
circuit, short circuit, or permanent physical damageo 
The 30 g shock nonoperate test was made immediately after 
the 15 g shock test. The procedure for this test was identical 
to that of the 15 g shock test except the oscillograph was 
dropped farther and the galvanometers were not operated during 
these dropso 
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In this test, just as in the 15 g shock test, all }he 
galvanometers recovered in less than Oo5 second, apd never was 
there an indication of permanent ·physical damage or an 
intermittent open circuit or short circuito 
The next mechanical environment to which the galvanometers 
were subjected was that of constant'accelerationo The 
acceleration requirements were that the galvanometer traces. 
shall be displaced less than 00020 inch from their original. 
positions under a constant 3 g acceleration for a minimum of one 
minute. During this test, the galvanometers shall be in an 
operate condition and meet the current-sensitivity specificationo 
The test shall be performed in all- three axes of t~e galvanometers. 
In addition to the 3 g operate test, the galvanometers 
must withstand a 10 g constant acceleration in a nonoperate 
condition and show no evidence of an intermittent open circuit, 
short circuit, or permanent physical damagec 
The galvanometers were accelerated for this test in a 
Genisco Centrifuge. "This was accomplished by mounting the 
oscillograph in a horizontal jig and fastening the jig to the 
table of the centrifuge. The recorder was then rotated on the 
table and in the jig so the galvanometers were accelerated in 
.A all three axes. For the 3 g test the galvanometers were in an 
operate conditiop 9 and for the 10 g acceleration tpey were in 
a nonoperate conditiono 
The 3 g acceleration test results showed all galvanometer 
traces displaced less than 00020 inch except galvanometer Xlo 
40 
Its trace was displaced 00028 inch when it was accelerated 
parallel to the plane of its mirror. Again all galvanometers 
failed to meet the current sensitivity requirements except X4o 
For the 10 g acceleration test, none of the galvanometers 
showed signs of intermittent short circuits, open circuits, or 
permanent physical damage. 
After the galvanometers were given the acceleration tests, 
they were subjected to the required vibration environmentsa 
The first vibration requirement was that the galvanometers in 
a nonoperate condition shall be subjected to sinusoidal 
vibrations in logarithmic sweeps lasting six to ten minpteso 
The magnitude of the vibrations shall be Oo25'-inch double 
amplitude from 2 to 17 o 5 cycles per second 9 and they shall be 
plus and minus a 4 g amplitude from 17o5 to 300 cycles per 
second. The galvanometers shall be vibrated in this manner for 
\ 
three hours in each of three orthogonal axes. Following these 
environments, the galvanometers must pass the static require-
ments for sensitivity 1 frequency response, and static b9,lancea 
The vibration tests were accomplished by mounting the 
oscillograph to the table of an MB Vibrator. The mounting 
fixture was a horizontal jig for the major and minor horizontal 
vibration axes and was a vertical jig for the vertical 
vibration axis. The vibrator that was used had a linear rather 
than a logarithmic sweep control, so it was necessary to divide 
the frequency range into octaves. Then the total swe~p time had 
I' I 
to be divided among these octaves so a logarithmic sweep could 
be approximated. For the six-minute total sweep required 1 the 
41'· 
oscillograph was vibrated from 2 to 17.5 cycles per second in 
205 minutes at a plus or minus 0.25-inch double amplitude. Then 
at the plus or minus 4 g amplitude, it was swept from 17.5 to 
,, 
60 cycles per second in lo5 minutes, from 60 to 125 cycles per 
second in one minute, and from 125 to 300 cycles per second in 
one minuteo These sweeps were repeated 30 times in each axis 
to accomplish the three hours required length of vibratione To 
monitor the acceleration, a crystal accelerometer ¥as m9unted 
over one of the support blocks of the oscillograph, which was 
located near the galvanometers and magnetic assemblyG The 
acceleration was also monitored by the vibrator instrumentationo 
Following the nine hours total vibration, the galvanometers 
were tested for static balance, frequency response, and current 
sensitivityo All the galvanometers met the frequency-response 
and static-balance specifications required under static 
conditionso But galvanometer X4 was the only one that met the 
current-sensitivity specification. 
The next and final vibration requirements were that the 
galvanometers in an operate condition must be vibrated JUSt as 
they were in the nonoperate condition except that a plus and 
minus 3 g amplitude must be maintained over a frequency range 
of 30 to 2,000 cycles per secondo The galvanometers must be 
vibrated in this manner for 6.75 hours in each of three 
orthogonal axes, and the galvanometer trace movemept or buzzing 
shall be recorded (1) during the first and last frequency 
sweep cycle with 10 microamperes of current applied and 
(2) during the second and next to last sweep cycle with zero 
42 
current applied. The buzzing in these oscillograms must not 
exceed plus and minus 0.035 inch except for the following 
limitations: The buzzing may exceed plus and minus 00035 inch 
in two bands in the vibration test frequency range if the 
product of zero-to-peak excursion in inches and the bandwidth 
during which the excursion exceeds plus and minus 00035 inch is 
less than 0.012 incho Also, the bandwiath shall be no greater 
than\20 (nondimensional). In this instance, bandwidth shall be 
'\ 
defined as 2 (f2 = r1 )/(f2 + r1 ) where r 2 and r1 are the 
frequencies at which the buzzing just exceeds plus and minus 
The vibration tests for the operate condition were con-
ducted just as the tests for the nonoperate condition~ except 
the sweep ranges for the various octaves were different as may 
be noted in Table VIIIo The length of time required for each 
sweep was different too~ but the four records for each frequency 
sweep cycle were taken as required. 
The results of this test are shown in Tables"~t!:r:~~:i;x, 
where the reduced data is tabulated. In the interest of 
brevity, data is shown for the most severe plane of vibration 
onlyo This plane is the one that is perpendicular to the plane 
of the mirror. It i,s the most severe because the narrow side 
of the galvanometer ribbon is ,trying to slice through the 
capillary fluid when the galvanometer is vibrated in this 
positiono A portion of an actual vibration record is shown 
in Figure 8. 
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Figure 8 o A Portion of An Actual Vibration Record. 
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TABLE VIII 
ENVIRONMENTAL TEST OF BUZZ AMPLITUDE 
Frequency Band where the Buzz Exceeds 0~'070 Inch 
Maximum Peak-to-Peak Amulitude (Inches) 
Galvanometer 
(Number) Xl X2 X':\ X4 X5' X6 X7 X8 xg 
,· 
Swe•p Ra-ge The peak-to-peak buzz on all specimeJl, was less 
30-62 C.P.SG than Oe070 inch in every instance. ' · · 
.; '· . ' . ~.' '• 
Sweep Range The peak-to-peak buzz on all specimen was le·ss 
62-125 C.P.s·. than 0 .. 070 in.ch in every instance. 
. i ,, i 
.. 
Sweep Range The peak-to-peak buzz on all specimen was less 
125=250 C.P.S o than 0.070 inch in every instance. 
Sweep Range 325= 335= 365-
2 50- 500 ClP. S. 365 375 395 
.09 olO .10 
., ':·, ,. 
u. 
Sweep Range 525- 590= 575= 320-
500= 640 660 650 375 
1000 C.PeSo .. 16 el2 .13 .12 
Sweep Range 1450-
1000- 1625 
2000 C.P,,S~ ol8 
TABLE tx 
ENVIRONMENTAL TEST OF BUZZ AMPLITUDE 




Galvanometer F2 F1 Double Band= Amplitude X 
U!umber) (CPS). (CPS) .Amplitude width Bandwidth 
Xl 365 325 Oo09 Ooll6 0000522 
640 525 0.16 Ool98 O .0158 
X2 375 335 OolO Ooll3 0 .00564 
660 590 0~12 0.112 0.00672 
X3 1625 1450 Ool8 Ooll4 0.0102 
X4 395 365 0$10 00079 0.,00395 
X6 650 575 Oo13 Ool22 0000795 
X8 375 320 Ool2 0.158 0000948 
(Vibration normal to the majpr axis of the galvanometer and 
normal to the galvanometer mirror) 
Sample Calculations 
Galvanometer Xl 
Bandwidth= 2(f2 - f1) = 
(f2 + f1) 
2(365 - 325) -
365 + 325 
46 
0.116 
Oo5 maximum double amplitude x bandwidth= Oo5 (Oa090) Ooll6) 
= 0000522 inch 
It was found in reviewing all the reduced data that only two 
deviations from the specifications were made in the nine specimen 
galvanometers. The major deviation was that of current sensitivit~ 
Eight of the nine galvanometers tested had low current sensitivity 
by as much as 10 per cent. The other deviation was where 
galvanometer Xl failed to meet the 3 g acceleration testo 
Galvanometer X4 had passed the specifications without reservations, 
To make certain that a production run of this type galvano-
meter would pass the qualification specifications, nine additional 
galvanometers of the same sensitivity as X4 were built. These 
galvanometers were then sampled to make certain they would pass 
all the specifications. The samples were found to pass all the 
specifications~ so the research and development on this project 
was considered completee 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
The author has discussed in the previous chapters a 
number of the basic problems encountered in developing a 
sensitive oscillograph galvanometer that would operate 
properly under severe shock and vibration environ.mentso The 
use of this galvanometer and its associated oscillograph is 
in the field of flight instrumentation where component 
resistance to rugged environments and increased reliability 
are constant objectivesa 
,, 
The practice of checking out a missile by flying it 
attached to an aircraft poses some difficult problems, 
particularly when the oscillograph that is to record the test 
data is to be flown inside the missile rather than telemetering 
the flight test data to ground and recording the information 
on an oscillograph therea 
The heart of the oscillograph and the most sensitiye part 
o:f.' the instrument is the galvanometer. Since the galvanometer 
is exposed to a rugged environment, a means had to be found 
to combat its sensitivity to environment but retain its. 
sensitivity to electricity. It was found that by placing oil-
filled capillary tubes around the coil assembly at strategic 
48 
points and by adjusting the oil to the proper viscpsity1 a 
shock- and vibration-resistant galvanometer could be obtainede 
Of course, this is within limitso 
On the basis of actual operating experience, it can be 
concluded that a shock- and vibration-resistant oscillograph 
galvanometer is feasibleo Its use in flight instrumentation 
has the one great advantage of not requiring complicated and 
expensive telemetering equipment to get the flight data back 
to the groundo In addition, it makes the instrumentation 
system far less complicated and much more reliableo 
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